HVDC transmission systems are becoming increasingly popular when compared to conventional AC transmission methods. HVDC voltage source converters (VSC) can offer advantages over traditional HVDC current source converter topologies; as such, it is expected that HVDC-VSCs will be further exploited with the growth of HVDC transmission. This paper presents the DC fault ride through capability and new STATCOM modes of operation for the recently published Alternate Arm Converter (AAC), intended for the HVDC market. Operation and fault ride through of the converter during a local terminal to terminal short circuit of the DC-Link is demonstrated; during the fault STATCOM operation is also demonstrated.
INTRODUCTION
IGBT based voltage source converters are being actively developed for HVDC applications. These systems offer advantages over, the now mature, line commutated conversion methods used in classical HVDC; these advantages include improved AC side power quality performance without the need for large harmonic filters, ability to exchange both leading and lagging reactive power with the connected AC network, a non-reversing DC cable voltage, ability to feed into a dead load and smaller physical footprint [1] [2] . This paper is a postprint of a paper submitted to and accepted for publication in IET Generation, Transmission and Distribution and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library 2 Successive generations of HVDC-VSC schemes have been developed, these include hard switched series strings of IGBTs operated in PWM mode [3] [4] . In addition, modular multilevel converter M 2 C topologies are being commercially developed and finding initial application [5] [6] [7] [8]. Furthermore hybrid M 2 C topologies are being actively developed and promise additional benefits, such as increased efficiency, decreased number of sub-modules and lower sub-module capacitor rating [9] [10] [11] [12] [13] .
This paper describes DC fault ride through capability and new concepts of STATCOM mode of operation, that exploit the hybrid topology of a recently published VSC topology [14] intended for HVDC power transmission.
Traditional VSC topologies suffer from poor DC fault performance that can result in the complete disconnection of the converter by opening the AC side circuit breaker [15] [9] . The topology presented offers a significant improvement, enabling the converter to remain connected to both the DC and AC networks even in the presence of a zero impedance DC fault. During the fault the converter is additionally able to exchange reactive power with the AC network. These factors not only help to stabilise the AC network, but significantly reduce the time needed to restore normal power transmission capability after the DC fault has been cleared. The H-Bridge sub-modules also provide this converter with a DC fault current blocking capability; this is achieved in the same way that the M 2 C Converter with H-Bridge sub-modules is able to extinguish DC faults [16] [17] . This fault blocking capability is true even in the event of a complete short circuit across the DC-Link, which would typically result in large AC and DC fault currents and normally requires disconnection of the converter by the opening of the AC side circuit breaker. If a major DC voltage depression occurs on the DC bus or there is a complete DC network short circuit, the converter is able to continue to operate as a STATCOM providing voltage support to the AC network whilst AC/DC real power transmission is disabled, real power transmission can be restarted after the fault has been cleared or isolated from a multi-terminal DC grid.
A unique feature of this topology is that it offers multiple STATCOM modes during fault ride through.
These STATCOM modes allow the converter to operate without supplying current into the fault site and therefore avoid the need for any physical disconnection.
A. Normal operation
Under normal operating conditions the converter is controlled using a method presented in [14] . Using this method the six director switches, shown in It is assumed that the aim of the converter is to synthesise sinusoidal target waveforms on the AC network side of the transformer as in (1) .
If the voltage drop across the limb inductor, L L , is ignored then the voltage the upper cascaded submodules must produce, in order to synthesise the target waveform, is given by (2); similarly the lower cascaded limbs must produce the voltage is given by (3). It should be noted that these are the required voltages for both conducting and non-conducting periods. This ensures the director switch diodes are reverse biased during the non-conduction period, as stated in the introduction.
The AC side line currents are assumed to be sinusoidal with an arbitrary phase shift α as given in equation (4).
During the overlap period an additional voltage is added to both the upper and lower limbs, such that a net voltage appears across the limb inductors which does not disturb the target AC voltage. This net voltage can be added or subtracted as required such that the DC circulating current, I circ , is controlled.
The steady state value required for this circulating current can be calculated by considering the change of energy stored in the converter over a fundamental period. If one considers phase x of the converter the change in the converter stored energy, W x C , over a fundamental period can be expressed as in (5) . In steady state this must be forced to equal zero; assuming the overlap periods are centred around the zero crossing of the converter voltage, the required circulating current can be expressed as in equation (6).
This equation demonstrates that the introduction of a circulating current permits the additional degree of freedom that allows a variable ratio between the converter voltage magnitude and the DC-Link voltage. As a result the converter is able to operate around a P Q envelope with independent control of both real and reactive power.
where, φ OL is the overlap angle 6 
B. STATCOM operation
A special feature of this converter is that it can be operated in multiple STATCOM modes. The first of these modes shall be labelled STATCOM "A", in this mode the converter operates using the normal operation mode described in the previous section; however the real power demand is set to zero. A can be labelled STATCOM "B1" and "B2" and are shown in Fig. 4 and Fig. 5 , respectively. In "B1" all three upper director switches are closed while the bottom director switches are open, whereas in "B2" When operating in these STATCOM modes, although only either the upper or lower set of limbs is conducting at one time, the non-conducting set of limbs must be appropriately modulated to ensure that the diodes in the director switches remain reverse biased. This ensures no conduction path from the top to bottom limbs.
As the converter can be operated as two separate STATCOMs it is useful to transition from one STATCOM state to the other, i.e. from STATCOM "B1" mode to STATCOM B2 mode. This enables the distribution of the conduction time and associated losses to be shared equally in the converter, while also enabling the capacitor voltages in both STATCOMs to be regulated. Operation in this combined mode shall be referred to here as STATCOM "B" mode. In normal operation and when operating in the STATCOM modes previously described, the converter is able to produce arbitrary voltage waveforms on the AC side. This allows the line current to be controlled using traditional VSC methodologies. For this work a dual sequence control scheme has been implemented. This scheme provides independent control of both the positive and negative sequence line currents in separate dq reference frames [20] [21] . The implementation of the control scheme is shown in Fig. 6 ; the superscript dqp is used to denote positive sequence dq components and the superscript dqn negative sequence components.
During normal operation to ensure net AC/DC power transfer is maintained the DC-Link current, i DC in Fig. 1 , is regulated by the addition of a circulating current as discussed in section 2.1. Any transient imbalances in AC/DC power transmission will give rise to a change in the net energy stored in the sub-module capacitors. To ensure this energy is regulated correctly, the instantaneous AC power demand is trimmed to regulate the net limb capacitor energy.
SIMULATION RESULTS
Simulation results have been obtained using MatLab Simulink with the PLECS blockset; simulations are based on ratings for a 20 MW 11 kV low-power demonstrator. The model of the converter has been implemented using ten H-Bridge sub-modules per limb; naturally for systems rated at transmission level powers many more sub-modules would be used, resulting in high quality waveforms. The VSC is operated as to maintain a charge on each H-Bridge sub-module capacitor of 1750 V; this is representative of the voltage limitations of presently available IGBT modules. A carrier based modulation strategy, adapted for the HVDC-VSC, has been used to modulate the H-Bridge sub-modules [19] . In order that Results are presented demonstrating fault ride through in the event of a local DC terminal to terminal short circuit fault. To assist in modelling of the fault, a stiff supply is used to represent the fault voltage.
Prior to the fault real power is being exported to the AC network from the converter, while reactive power is exchanged with the network. During the fault real power transfer is disabled and the converter operates as a STATCOM. Results are presented for STATCOM "A" and "B" modes discussed in section 2. Fig. 8 , from conducting. Ensuring that control of the converter is maintained during fault ride through. This further illustrates the benefits of this arrangement.
When operating in STATCOM "A" mode it is seen that the DC converter current, i DC , has a large ripple approximately 800 A Pk to Pk, most of which is absorbed by the filter; however the current which is not absorbed by the filter capacitors, i cab , spills into the fault site. This is seen to be approximately 300 A Pk to Pk. By inspection of the bottom plot in Fig. 7 it is observed that after a short transient of half a fundamental period the transition to STATCOM "B" mode is made. It is further observed that there is zero DC-Link converter current and consequently no current spills into the fault site. 
